Introduction
Anthropogenic contaminants such as weathered fuel oil and heavy metals can affect ecosystem function on many levels beyond those studied by the usual lethality studies. In this study, carbon utilization and allocation were examined between two populations of shrimp to determine the possible effects of living in an area of high anthropogenic impact.
The genus Palaemonetes is abundant in many fresh water and estuarine systems worldwide. Members of the genus are commonly used for toxicological dosing studies and the results used to build models of ecological risk due to anthropogenic contaminants. Carbon assimilation has been studied in P. pugio, but no study has looked at how assimilation might be influenced by contaminants [1] . If there are anthropogenic effects on carbon assimilation in grass shrimp, this would represent a major unmeasured impact on the carbon budget of multi-cellular organisms in estuaries and near shore environments. The influence of anthropogenic contamination on carbon assimilation has implications for predicting the environmental impact of contaminants, for models of estuarine function, and trophic transfer from the dominant macroscopic detritus processor to species of direct economic importance.
Several studies have shown changes in respiratory rates in crustaceans in response to a variety of anthropogenic contaminants. Respiration has been measured as a dose response to fuel oil, coal ash and PAH derivatives [2] [3] [4] , organochlorides [5] [6] [7] , and heavy metals [8, 9] . However, few studies have examined the total carbon budget of a crustacean, and no study has examined the impact of anthropogenic contaminants on such a budget. Most toxicity studies simply determine dosages leading to lethality. The EPA database of all toxicant dosing studies done since 1972 on Palaemonetes pugio shows that out of 1016 studies, 65% measured lethality as the end point, while the combined total of studies measuring respiration, growth, feeding, or reproduction is only 5% (U.S. Environmental Protection Agency 2006). No studies surveyed combined effects such as respiration and growth, no studies considered excretion rates, and no studies examined the carbon budget, except as a function of respiration. Furthermore, the existing dosing studies that focus on respiration rates are far from conclusive; with the results varying by species, contaminant, and dosage level [2, [6] [7] [8] [9] .
Carbon assimilation is an excellent metric for estimating the place of P. pugio in estuarine function, because it measures the element most associated with biological function. Furthermore, an analysis of the carbon budgets of field-caught shrimp supplies data lacking in laboratory dosing studies. Although laboratory dosing studies provide important information on the effects of specific contaminants, a comparison of total carbon budgets in field-caught shrimp is more relevant in terms of anthropogenic disturbance in the field and their effects on ecosystem function.
This study provides the first complete carbon budget for P. pugio that includes direct measurement of carbon allocated to the eggs of ovigerous females. In addition, the relative allocation of carbon for each component is compared for shrimp obtained from salt marshes that display the full range of anthropogenic impacts found in New Jersey. The implications of observed differences in allocation are then examined in the context of over two decades of studies by previous researchers on the effects of contaminants on predator-prey relations at these sites.
Experimental Procedures

Study sites
Shrimp were collected at two sites. The Tuckerton site at Big Sheepshead Creek is relatively pristine [10] . As part of the Mullica River/Great Bay estuary system, it is one of the least disturbed estuaries in the northeast and is part of the National Estuarine Research Reserve System. The Great Bay and Mullica systems are now, and have historically been, pristine and free of excessive nutrient loading from anthropogenic sources. The one major source of nutrient loading to Great Bay, a menhaden processing plant, has been closed since 1960. The collection site is over 200 meters from a small access road and has no access by boats, and so has additional protection from incidental impacts and nonpoint sources such as motor oil spills and runoff.
The Piles Creek site represents a heavily impacted marsh creek. There are several active and abandoned chemical-processing plants near the creek as well as the Linden Sewerage facility. There is an Exxon Mobil refining center directly adjacent to the site, with fuel lines that cross over the site itself. There have historically been both large and point source releases of oil, ranging from leaks in the pipes to discharges from small boats, with oil still visible in the sediments and on the surface of the water. In addition, mercury concentrations in the sediment ranging from 10-20 μg/g at Piles Creek have been reported, whereas Tuckerton sediments are less than a hundredth of that at 0.05 μg/g [11, 12] . More recently mercury concentration at PC have been reported to have declined to <5 μg/g [13] . Other contaminants found in Piles Creek sediment include cadmium (5.8 μg/g) and copper (623 μg/g), with Tuckerton showing much lower levels (Cd 0.13 μg/g and Cu 12.9 μg/g) [14, 15] .
Piles Creek shrimp have shown significantly higher total bioaccumulation of contaminants than Tuckerton shrimp, with PC shrimp having higher total body burdens of mercury (3.6 μg/g) while Tuckerton shrimp showed lower total mercury (0.1 μg/g) [14] . Similar differences were found in other metals, with PC shrimp having higher cadmium (0.8 μg/g) than Tuckerton shrimp (0.1 μg/g) and higher copper (43.6 μg/g) than Tuckerton shrimp (14.19 μg/g) [14] .
Shrimp collection
Shrimp were collected from each site during the breeding cycle from late June through early September on alternating weeks so that seasonal differences would not obscure site differences. Shrimp were captured using 1meter square umbrella nets baited with ribbed mussel (Geukensia demissa). Mussels used for bait were collected fresh at the collection sites, cracked, and placed in the middle of the nets. The first shrimp collected during a collection season coincided with the first ovigerous females found in the nets, and collection continued until ovigerous females were no longer found.
Adult ovigerous and intermolt shrimp of similar sizes were selected, placed in five-gallon buckets and taken to the laboratory. Shrimp less than 250 mg wet weight were assumed to be juveniles and excluded from the experiment. Shrimp acclimatized for twenty-four hours in the laboratory at 20°C in water with a salinity of 20. Salinity and temperature were kept constant throughout the experiment. Any shrimp that had softened exoskeletons due to recent shedding or that shed during the holding period and analysis were not included. Obviously parasitized shrimp were also excluded from these experiments.
Carbon budgets
Carbon allocation was measured according to the equation developed for grass shrimp energy budgets by Vernberg [16] , modified to exclude the term for ammonia excretion as irrelevant to carbon budgets. Carbon allocation is described as C=Pg+Pr+R+Ex+F where C is consumption, Pg is the portion of total production allocated to somatic growth, Pr is the production allocated to reproduction, R is respiration, Ex is exuvia, and F is egestion. More properly the equation can be understood as carbon assimilation (C-R-F) equaling total carbon allocated to production (Pg+Pr+Ex).
Consumption and egestion
A total of sixty shrimp were caught from each site. Each batch of ten shrimp was preselected to include five with eggs and five without eggs for consumption and egestion analysis. After the twenty-four hour acclimation period in the laboratory, shrimp were dried with paper towels and then weighed to the nearest milligram. Shrimp were placed in individual glass fingerbowls in 650 ml of 1 μm filtered seawater with a salinity of 20 and provided with food in excess of what they could consume in a twentyfour hour period. The food consisted of tissue taken from live ribbed mussels that was freeze dried for twenty-four hours in a Labonco freeze dryer at -50°C in a 5 micron Hg vacuum. A solid piece of freeze-dried tissue (~50 mg,) was placed in each fingerbowl with the shrimp.
After twenty-four hours, the shrimp were removed from the fingerbowls, dried with paper towels, and then weighed. Fingerbowls that contained dead shrimp, shrimp that had released their eggs, or shrimp that had undergone ecdysis were emptied and re-washed. Fingerbowls with live, healthy shrimp were carefully examined for any remaining ribbed mussel tissue. The mussel tissue was removed, frozen, freeze-dried, and then weighed to the nearest hundredth of a milligram. The remaining 650 ml of seawater containing both fecal pellets and liquid excretion products was filtered through 47 mm Whatman GF/F filters pre-baked at 500ºC for five hours.
The carbon consumption rate was determined from the difference in food mass before and after each twenty-four hour experimental period. To convert food mass to carbon consumed, ten samples of mussel tissue were analyzed for carbon content as described below. The mean percent carbon by weight of the samples was multiplied by the total food consumed by each shrimp to derive the carbon consumption rate.
The filtrate was extracted using a vacuum pump kept to a low pressure. Before and after use, each filter was weighed to the nearest hundredth of a milligram using a Sartorius microbalance. Fecal matter was analyzed using the methods of Verardo [17] , modified for use with glass fiber filters and an absence of inorganic carbon in the samples. Each filter was thoroughly rinsed with deionized water and then placed in a drying oven. Dried filters were quartered, and wrapped in tin and then kept in the drying oven at 60°C for twenty-four hours or until analyzed.
Carbon lost to egestion was measured through analysis of the carbon content of fecal pellets. Data from each site for ovigerous and intermolt shrimp were combined for analysis of egestion products. Fecal pellets were defined as all material retained by a Whatman GF/F filter (nominal pore size 0.7 µm), thus including all particulate organic carbon. This necessarily included the carbon content of food particles lost during maceration by the shrimp. All glassware used was first washed with detergent, and then rinsed with deionized water. The glassware was then thoroughly rinsed with a solution of 12.5% sulfuric acid. The glassware was then re-rinsed with deionized water, and baked in a muffle furnace at 500°C for five hours.
Respiration
Standard oxygen consumption, as opposed to active oxygen consumption, was measured for shrimp captured during the summer breeding season. Shrimp were held without food for twenty-four hours, and then placed individually in 200 ml flasks. The flasks were filled with 1 µm filtered seawater (salinity 20) and kept at 20°C throughout the experiment. Each flask was then sealed and left to stand with minimal disturbance for one hour. The dissolved oxygen concentration in each flask was measured before and after the experiment using a YSI oxygen meter (model #57). Oxygen consumption was converted to carbon lost to respiration using a respiratory quotient of 0.88 [18] .
Oxygen concentrations both before and after were verified to be above the lower limit determined by Burnett and Cochran [19] , below which oxygen consumption is reduced and anaerobic pathways begin to be utilized. CO 2 concentration was not measured, as it was found to have no effect on oxygen uptake in grass shrimp across a wide range of concentrations. No attempt was made to assess the effects of salinity or temperature at the capture sites on subsequent laboratory measurements. McFarland and Pickens [20] found that little if any thermal acclimation of standard oxygen consumption occurs in Palaemonetes spp., and that the standard rate is predictable and a function of temperature, not past thermal or salinity regimes or seasonality.
Egg resperation was measured separately so that it could be subtracted from total respiration to allow the determination of respiration by ovigerous shrimp. The abdomen of each ovigerous shrimp was removed from the cephalothorax leaving the eggs attached with as little disturbance to the eggs as possible. The egg masses were then measured for oxygen uptake in the same manner as described above.
Ecdysis
Shed exoskeletons were collected during the experiment designed to measure carbon allocated to somatic growth as described previously. The exoskeletons were collected on a daily basis during the four weeks of the experiment. Each of the shrimp being measured for growth shed at least once, and the exoskeletons were collected, washed with deionized water, and freeze-dried. Ten exoskeletons from each study site were measured for total carbon content. The calcium carbonate was removed through acidification. Shed exoskeletons were not collected from ovigerous shrimp because eggbearing females do not shed. They do, however, shed at the end of each fourteen day reproductive cycle, so the carbon lost to ecdysis for ovigerous shrimp was assumed to be similar to the carbon lost by intermolt grass shrimp, with a similar periodicity to their exoskeleton formation. The total carbon lost in each exoskeleton was divided by the fourteen day period to determine the daily carbon lost to ecdysis per twenty-four hours.
Somatic growth
Twenty intermolt shrimp from each site were selected for the growth experiment. Shrimp were dried with paper towels and then weighed to the nearest milligram and placed individually in 400 ml beakers containing 400 ml of 1 μm filtered salinity 20 seawater. All beakers were first washed, rinsed with deionized water, and then baked at 500°C for five hours, and then each beaker was covered with an aluminum foil cap, individually aerated and placed in a walk-in incubator maintained at 20°C. Once per day the shrimp were fed ~50 mg freeze-dried ribbed mussels ground into a coarse powder. At no time were shrimp allowed to be without food, and any food remaining from the previous day was removed. The water in the beakers was changed every other day for the duration of the experiment. Each day the shrimp were checked for ecdysis and the shed exoskeletons removed, rinsed with deionized water, and saved for later analysis. Any shrimp that could not right itself was removed. After four weeks all shrimp were removed from the beakers and weighed to the nearest milligram.
To convert the change in shrimp mass into a measure of carbon assimilation, whole shrimp were measured for total somatic carbon content. Shrimp tissue was analyzed for carbon content as below. Ten ovigerous and ten intermolt samples were analyzed from each site. Whole shrimp were ground using mortars and pestles that had been baked in a muffle furnace at 500°C for five hours to remove carbon residue, and a 30 mg sub-sample was taken from individual homogenized powdered shrimp. The sub samples were acidified in a HCl saturated atmosphere for twenty-four hours to remove inorganic carbon.
Reproduction
The carbon allocated to reproduction was determined directly for ovigerous shrimp. The daily carbon allocated to egg production was calculated as the total carbon content of individual egg masses divided by twenty-eight days, given the fourteen day reproductive period where shrimp are ovigerous, and assuming prior egg production for an additional fourteen day intermolt period. A total of 33 ovigerous TK shrimp and 23 ovigerous PC shrimp were captured as above, and the eggs were removed after measuring their respiratory rate. The egg masses were then freeze-dried and weighed using a Sartorius microbalance. The egg masses were powdered, and a 20 mg sub-sample was taken and acidified prior to organic carbon analysis.
Carbon analysis
Samples were analyzed for carbon content using a Carlo Erba NA-1500 elemental analyzer. A standard curve was developed using six acetanilide standards ranging from 1mg to 0.01 mg. Any standard curve showing more than a 0.0001 deviation from the regression was rejected. Each analysis run was preceded by two empty sample tin boats run as instrument blanks. For every six samples an acetanilide check standard was used to monitor accuracy.
Statistical analysis
All statistical analysis was performed using GraphPad Prism version 4.02 for Windows (GraphPad Software 2004). Carbon intake and output were measured between shrimp from the two sites. ANCOVA was used to compare slopes between all groups and the combined slope (weighted average) from each budget component was found. The average slope was then used to calculate the mean values and 95% confidence intervals for each treatment group for each component using an average shrimp size of 116.1 mg [21] .
Results
Consumption
The carbon consumption rate was lower for the majority of PC shrimp regardless of reproductive condition, but the differences were not significant because PC shrimp showed so much variation in consumption rates. On the one hand a few PC individuals consumed more during twenty-four hours than any TK shrimp, while on the other hand, all TK shrimp ate and twelve PC shrimp consumed no measurable carbon ( Figure 1 and Table 1 ). There was a significant difference in the numbers of shrimp from each site with measurable consumption (n=120, P<0.001). TK shrimp did not significantly differ in carbon consumption between those with and without eggs.
Respiration
Ovigerous shrimp lost significantly less carbon to respiration than intermolt shrimp, with ovigerous PC shrimp losing the least amount of carbon to respiration of any group (Figure 2 and Table 1 ). Conversely intermolt PC shrimp had higher carbon losses to respiration than intermolt TK shrimp. PC shrimp had a greater range in carbon respired than TK shrimp with intermolt PC shrimp having the greatest range of any group.
Reproduction
Ovigerous PC shrimp allocated significantly more carbon to reproduction than ovigerous TK shrimp ( Figure 3 and Table 1 ). There were also significant differences in the carbon content of the eggs but they did not significantly change total allocation and are not likely to be biologically relevant. Dry TK eggs contained slightly more carbon by weight than PC eggs, with PC shrimp eggs containing 47.15% C ±1.676 while TK eggs contained 49.41% C ±0.4411 (P=0.002 n=17). The heavier egg masses of ovigerous PC shrimp overwhelmed the small differences in the proportion of carbon, and thus the total carbon allocation to reproduction was higher for ovigerous PC shrimp even though TK eggs had slightly more carbon as a percentage of weight.
Resource allocation (mg carbon (24h) Table 1 . Components of the carbon budgets for ovigerous and intermolt shrimp from Piles Creek and Tuckerton. Egestion* represents pooled values from combined intermolt and ovigerous shrimp data. Growth** was based on intermolt shrimp only. Ecdysis*** was based on intermolt shrimp only. 
Egestion
PC shrimp lost significantly more carbon to egestion than TK shrimp. TK shrimp showed a much greater range in carbon lost to egestion than PC shrimp and had the highest and lowest egestion rates by individual shrimp (Figure 4 and Table 1 ).
Somatic production
There was no significant difference in carbon allocated to growth between PC and TK shrimp and both groups showed similar variation ( Figure 5 , Table 1 ). PC shrimp contained slightly more carbon by dry weight (39.60±0.40%) than TK shrimp (38.33±0.56%). The difference was significant (P=0.001 n=38), but not enough to cause a difference in the total carbon allocated to growth. 
Ecdysis
There was no significant difference in the carbon allocated to PC and TK exoskeletons (Table 1) . Nor was there a difference in variance between shrimp mass and carbon allocated to ecdysis for either group (Figure 6 ).
Discussion
Ovigerous PC shrimp appear to have transferred carbon allocation away from respiration and into increased reproductive output. They were able to compensate for increased losses to egestion without increasing consumption through reduced respiration, leaving surplus resources for allocation to reproduction. Intermolt PC shrimp showed a very different pattern with increased egestion and increased respiration. Nevertheless, they were still able to maintain carbon allocated to growth at a rate similar to intermolt TK shrimp. Through compensatory partitioning, PC shrimp were able to ameliorate the effects of the exposure and maintain carbon allocation to somatic growth and reproduction at rates similar to those seen in TK shrimp.
Also relative to TK shrimp, PC shrimp showed an increased range of response for most components of the carbon budget. The increased variability and the lowering of some physiological rates are expected results of contaminant exposure. When measuring the response of physiological parameters such as respiration to a variety of toxicants, generally the treatment group exposed to the toxicants can be expected to have a wider range of response than the control group [22] , and this is consistent with the broader range of response seen in PC shrimp for consumption, respiration and reproduction ( Figures 1, 2 and 3) . The increased variance found in shrimp exposed to contaminants implies that these shrimp are potentially at greater risk to further impacts. With the range of most physiological responses being increased, some individuals will be much closer to the lower end of resource allocation that would allow for survival and reproduction. This is most apparent in the consumption data where 18% of PC shrimp failed to eat. A lowered ability to tolerate stress has been correlated with exposure of shrimp to contaminants [23] , and the movement to the laboratory represents a stress that a significant amount of PC shrimp could not tolerate.
It is generally postulated that tolerance to environmental contaminants has metabolic costs [24] [25] [26] . Thus the observed effects of a severely impacted habitat are increased variance in resource allocation, and increased egestion that is balanced by lowered respiration in egg bearing shrimp. How then does this result in the observed abundance of large shrimp with a high number of reproducing individuals at Piles Creek [27] . Intermolt shrimp are able to maintain growth, perhaps by moving resources away from reproduction, and then are able to switch into a reproductive mode with reduced respiration to balance the costs. Growth is maintained, explaining the large size of PC shrimp, and reproduction is maintained explaining the abundance, but still this comes at a cost. By decreasing respiration, ovigerous shrimp reduce the energy available through oxidative metabolism that would normally be used for activities such as feeding and escape from predators. Reduced feeding in some individuals may be one effect of this reduced activity and there may be implications to function at the ecosystem level. The true cost of lowered respiration among ovigerous shrimp would be a lowered ability to escape predators. This would be disastrous at the population level if egg bearing shrimp had impaired escape abilities. Why then is the population not reduced through predation pressure?
A series of papers has described the effects of contaminants on interactions between the grass shrimp and its primary piscine predator, Fundulus heteroclitus [28] [29] [30] [31] [32] [33] [34] . These papers have drawn the connection between the physiological and behavioral effects of contaminants, particularly compounds of organic mercury, and reduced predation on grass shrimp. These studies are cited by Bass [27] to postulate a trophic cascade, with reduced predation on shrimp attributed to anthropogenic contaminants. The authors did not attribute the differences in the shrimp populations to the direct effects of contaminants on the shrimp themselves, because, unlike in this study, they found no significant differences in reproduction, and, as found in this study, shrimp growth rates were similar between the two sites. The authors concluded that the increased shrimp biomass at Piles Creek was due primarily to lowered predation from Fundulus heteroclitus, and was not the direct effect of contaminants on the shrimp themselves.
The current study completes the picture. Grass shrimp at Piles Creek are able to maintain growth and reproduction by moving resources within their physiological budgets. They are able to do this without negative population effects because of the severely reduced abilities of their vertebrate predators. In isolation, the shrimp population at the contaminated site appears to be functioning normally or perhaps even better than the shrimp population at the clean reference site, but resources are not transferring to higher trophic levels.
This may have wider implications to other shrimp habitats exposed to anthropogenic contaminants such as weathered fuel oil and heavy metals. As discussed above, reduced respiration and feeding in shrimp have been found across a wide range of toxicological studies. This may result in similar transfers of resources within physiological budgets in effected populations. The impact of contaminants on shrimp populations would then depend on whether their predators are slowed more by the contaminants than the shrimp. On the one hand, in systems where the shrimp stay within a relatively small area and are exposed to contaminated sediments, while their generally faster moving vertebrate predators spend a majority of their time higher in the water column, or outside the area of contamination, one would predict a negative outcome for the shrimp population. On the other hand, within more confined systems, such as Piles Creek, one would expect a positive impact on shrimp populations across a wide range of contaminants and contaminant levels as long as those levels remain below the direct mortality threshold.
